Metal oxide nanowire (NW) photoconductors tend to exhibit high photoconductive gains and long recovery times mainly due to surface effects. In this work, p-type CuO NWs are synthesized by direct oxidation of copper and deposited on n-type ZnO:Al electrodes by dielectrophoresis. The heterostructure is electro-optically characterized showing recovery times in the 10 ls range, mainly limited by the resistance-capacitance product of the equivalent circuit, without signs of persistent effects. The fast response is attributed to short transit times across space charge regions built between CuO and ZnO:Al materials and fast carrier recombination at neutral regions. V C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4811128] Metal oxides (MOs) are attractive compounds for industrial purposes since high-quality crystal nanowires (NWs) can be obtained by cost-effective methods that do not require expensive vacuum systems or environmentally unfriendly chemical reactants. The high surface-to-volume ratio of such nanostructures leads to the enhancement of the device sensitivity prompting their use as building blocks in low-cost optical, biological, and gas sensors. [1] [2] [3] [4] Regarding light detectors, NWs may help to reduce the operation voltages of high-gain sensors through the proximity of the surface and the subsequent enhancement of the local electric field. In addition, their small dimensions open possibilities for the integration of NWs from different materials or with different structures such as core-shell, p-n junctions, or quantum well superlattices. 5, 6 However, the development of NW-based devices has to face issues such as the lack of performance reproducibility or the need for advanced methods to handle and manipulate nanostructures on a high demand basis. Dielectrophoresis (DEP) has long been used in biochemistry to separate biomolecules, but nowadays, it has also been proved to be a costeffective technique to align NWs between metal electrodes. 7, 8 The technique is highly scalable and makes possible the precise placement of multiple NWs on Si integrated circuits at room temperature. Thus, ZnO NW devices have been fabricated using this method on Au electrodes.
Metal oxide nanowire (NW) photoconductors tend to exhibit high photoconductive gains and long recovery times mainly due to surface effects. In this work, p-type CuO NWs are synthesized by direct oxidation of copper and deposited on n-type ZnO:Al electrodes by dielectrophoresis. The heterostructure is electro-optically characterized showing recovery times in the 10 ls range, mainly limited by the resistance-capacitance product of the equivalent circuit, without signs of persistent effects. The fast response is attributed to short transit times across space charge regions built between CuO and ZnO:Al materials and fast carrier recombination at neutral regions. Metal oxides (MOs) are attractive compounds for industrial purposes since high-quality crystal nanowires (NWs) can be obtained by cost-effective methods that do not require expensive vacuum systems or environmentally unfriendly chemical reactants. The high surface-to-volume ratio of such nanostructures leads to the enhancement of the device sensitivity prompting their use as building blocks in low-cost optical, biological, and gas sensors. [1] [2] [3] [4] Regarding light detectors, NWs may help to reduce the operation voltages of high-gain sensors through the proximity of the surface and the subsequent enhancement of the local electric field. In addition, their small dimensions open possibilities for the integration of NWs from different materials or with different structures such as core-shell, p-n junctions, or quantum well superlattices. 5, 6 However, the development of NW-based devices has to face issues such as the lack of performance reproducibility or the need for advanced methods to handle and manipulate nanostructures on a high demand basis. Dielectrophoresis (DEP) has long been used in biochemistry to separate biomolecules, but nowadays, it has also been proved to be a costeffective technique to align NWs between metal electrodes. 7, 8 The technique is highly scalable and makes possible the precise placement of multiple NWs on Si integrated circuits at room temperature. Thus, ZnO NW devices have been fabricated using this method on Au electrodes. 9 Due to their high conductance and mechanical stability, Al-doped ZnO (AZO) is an alternative material to metals for the preparation of DEP electrodes. Moreover, its visible transparency also enables the alignment of NWs on desired locations of transparent substrates aiming at the development of sensors in transparent electronics.
Concerning the performance of NW devices, the understanding of the surface effects is crucial since many of the electrical and optical characteristics are strongly influenced by surface electronic states. On many MO-NW light sensors, these surface effects lead to obtain photoresponse values well beyond those achieved in mesoscopic devices, at the expense of showing long recovery times. 10, 11 Unfortunately, these slow transients hinder their practical application in many fields.
Recently, p-type cupric oxide (CuO) NWs have received a great deal of attention because of their high performance as part of gas sensor devices. 6, 12 Its optical bandgap lies in the infrared range (1.2-1.4 eV) allowing detection in the full visible spectrum. [13] [14] [15] Different growth methods have been used for the synthesis of CuO NWs, such as chemical, 16 template-assisted techniques, 2 or direct oxidation of regular Cu foils. [17] [18] [19] The latter has been demonstrated to be an easy and cost-effective method where no catalysts are needed. In this paper, we are reporting the synthesis of p-type CuO NWs and their deposition on n-type AZO electrodes by alternating current (AC) DEP. Resultant structures are electrooptically characterized to investigate their potential use in light sensor devices.
Prior to growth, 99.98% pure Cu foils (Sigma-Aldrich) were dipped in ethanol, sonicated for 2 min to remove adsorbed impurities, and blown with dry nitrogen. Then, the foils were placed on a hot plate at 410 C and oxidized in air ambient during 1 h, leaving the sample on the unheated plate overnight for cooling down. Finally, NWs were removed from the substrate and solved in ethanol by sample sonication during a few seconds. Solution concentration was estimated to be between 10 5 and 10 6 NWs per milliliter. Scanning electron microscopy (SEM) images (Figures 1(a)-1(c)), obtained at a 10 kV operating voltage, show high NW density with fairly uniform lengths and diameters. Cross-section images (Figures 1(b) and 1(c)) reveal that obtained NWs are about 9 6 1 lm long and present tip and base diameters of 58 6 6 nm and 131 6 13 nm, respectively, where data are obtained from 30 NWs on the oxidized Cu foil and errors are given at a 95% confidence level. NW growth mechanism has been studied by other authors 18, [20] [21] [22] suggesting that CuO NW growth is based on Cu ion diffusion from the Cu foil through dislocations in the grain boundaries of a thick polycrystalline cuprous oxide (Cu 2 O) layer formed at an early stage of the thermal treatment. Since the growth mechanism is fed by the vertical diffusion of Cu ions along the NW in air ambient, some tapering effects can be expected. The presence of the Cu 2 O layer is proved using energy-dispersive X-ray (EDX) spectroscopy studies in the SEM characterization. Results show the existence of a 10 lm thick layer with Cu and O concentrations of 67% and 33%, respectively, which match the stoichiometry of the Cu 2 O phase. Due to interfacial stresses induced by the large differences in crystal structure and thermal expansion coefficients between the Cu 2 O and the substrate, this layer tends to peel off from the substrate after cooling down, releasing a selfstanding layer which contains the NWs. 20 Figure 1(b) shows a crack caused by this effect at the interface between Cu and Cu 2 O. Atop this layer, small CuO grains with an average 0.5 lm size perform as nucleation centers for the NW growth (Figure 1(c) ). 21 X-ray diffractograms of an oxidized sample and the untreated Cu foil were obtained in h-2h mode (Figure 2 ). Diffraction peaks corresponding to the Cu, Cu 2 O, and CuO phases were identified from the powder diffraction files (#04-009-2090, #04-007-9767, and #04-008-8209, respectively) of the International Centre for Diffraction Data (ICDD). It can be seen that the original Cu foil presents a polycrystalline structure, showing preferential orientation along (111) and (200) plane directions. After oxidation, the strongest peak corresponds to the Cu 2 O (111) plane whose origin is related to the layer built on top of the foil at the early stages of the process. This layer is also polycrystalline as suggested by the other Cu 2 O phase reflections present in the diffractogram. On the other hand, all CuO peaks can be indexed using the C2/c space group of the monoclinic structure. Cu is still observable on the oxidized surface because x-rays can penetrate several micrometers through the surface.
The electro-optical characteristics of the NWs are extracted from the following procedure. A 50 nm thick AZO film is deposited on a SiO 2 (200 nm)/Si substrate by radiofrequency magnetron sputtering from a 99.999% pure ZnO w/2% Al 2 O 3 target and Ar plasma at a deposition temperature of 300 C. The film has a Hall resistivity of 4 Â 10
À3
XÁcm, a mobility of 4.5 cm 2 /VÁs, and an electron concentration of 3 Â 10 20 cm
. Parallel AZO electrodes with a 4 lm spacing are defined by optical lithography and chemical etching for DEP experiments. DEP is performed to align the NWs perpendicularly to the electrodes by applying an AC signal of a 100 kHz frequency and an 8 V peak voltage between electrodes. Resultant NW density on the electrodes was about 65-80 NWs per millimeter length. After DEP process, samples were annealed at 170 C for 30 s in air ambient to improve the electrical contact and the mechanical resistance of the junctions between the NWs and the AZO electrodes. After the annealing, the structure shows high stability in liquids which enables surface cleaning to get rid of the rests of organic solvents used in the DEP process.
The current-voltage characteristic between electrodes is measured after the processing. The curves present a rectifying behavior likely induced by the n-p-n double junction between AZO and the CuO NW (Figure 3(a) ). In fact, if CuO NWs are replaced by ZnO NWs, the device exhibits non-rectifying behavior due to the n-type doping type of ZnO NWs. Moreover, to find out the doping type of the CuO NW, a simple experiment is performed following the procedure described by Han et al. 23 based on the surface chemisorption of water molecules. A sample is prepared using CuO NWs dispersed on pre-patterned AZO interdigitated electrodes with 250 lm spacing. For the sake of comparison, a sample is prepared by drop-casting ZnO NWs on a pattern with the same geometry. Both samples are biased at 5 V using an external power supply to measure the current variations between electrodes when the samples are exposed to the water vapor supplied by an ultrasonic humidifier. As the humidity rose up after turning on the apparatus, the current from the ZnO NWs suddenly increases, whereas the signal from the CuO NWs decreases (inset of Figure 3(a) ). The results confirm that the surface dissociation of water molecules on the NW surface releases electrons to the NW volume, enhancing the conductivity for the ZnO NWs, but reducing it for the CuO NWs. Furthermore, it corroborates that the CuO NW behaves as a p-type semiconductor material and that the rectifying behavior observed in the AZO/CuO NW/AZO heterojunction is related to the formation of a double p-n junction at the NW ends.
The current delivered by the AZO/CuO NW/AZO structure noticeably increases when it is illuminated with a halogen lamp of 4.54 mW/cm 2 power density. Furthermore, the response obtained at constant bias voltages (Figure 3(b) ) shows fast transients except for the erratic behavior of the dark current at 4.5 V caused by the noise level of the setup. Due to the different doping type, a space charge region (SCR) is expected to be built at the junctions between the NW and the AZO electrodes maximizing the electric field strength and contributing to promptly separate carriers upon photogeneration. In semiconductor photodetector theory, time response in p-n structures is predicted to be limited by transit time across SCRs and by diffusion times in the neutral regions around the junction. 24 However, in practice, these theoretical times are usually shorter than the charge and discharge times of the parasitic capacitances. 25 On the other hand, in detectors with uniform electric field profiles, i.e. photoconductive-type detectors, time response is limited by the generation-recombination times of the photocarriers which, in the presence of trapping centers, can become very long. 26 Thus, the fast response found in the structure under study may be related to the alignment of p-type NWs between n-type electrodes which yields series-opposing photodiodes capable of minimizing the effect of trapping centers. Another complementary explanation of the fast response is that, unlike other metal oxide NWs, surface states in CuO may act as recombination centers, helping to speed up charge recombination after illumination at neutral regions. Femtosecond transient absorption spectroscopy studies have also demonstrated relaxation times in the picosecond range in p-type CuO NWs, which somehow proves the fast dynamic behavior of photocarriers in this material. 27 To further investigate the time response characteristic, the structure is illuminated with 100 ls pulses from a red (peak wavelength ¼ 630 nm, power density ¼ 0.76 mW/cm 2 ) light emitting diode (LED) at a repetition rate of 1 kHz using a function generator. The device is connected to a 5 V external power supply and a load resistance (R L ) to measure the photocurrent pulses in a Tektronix TDS210 oscilloscope. Under these experimental conditions, a minimum load resistance of 40 kX is necessary to monitor the photocurrent signal in the oscilloscope. A responsivity value of 9.8 A/W is estimated at a R L of 510 kX and 5 V. Photocurrent pulses, shown in the inset of Figure 4 (a), followed first-order exponentials for rise and decay portions of the curve with time constants in the few microsecond level. The value of the time constants reduces as the R L diminishes, indicating that the device response may be limited by the resistance-capacitance (RC) of the equivalent circuit. To confirm this, a capacity bridge was used at a 50 mV level and 1 kHz under a DC bias of 5 V. Parallel (R p ) and series (R s ) resistances were estimated to be 60 MX and 0.024 MX, respectively. Since R s is significantly lower than R p , the effect of the latter can be neglected to calculate the RC constant of the circuit according to the diode model shown in the inset of Figure 4 (b). The R s value has its origin in the AZO electrode resistivity since it hardly changes after NW deposition. Differential capacitance between both electrodes before and after DEP accounts for the contribution of the multiple nanowires to the total capacitance (C mNW ) resulting in C mNW ¼ 14 pF. This capacitance is attributed to the sum of capacitors formed at the contact points between NWs and DEP electrodes. The large number, around 500 NWs observed by optical microscopy, leads to an estimated value of 28 fF for each NW which is similar to 21 fF, previously reported in the bibliography for a single CuO NW. 19 The RC product, calculated from (R s þR L )ÁC mNW , is represented against R L in red dashed lines in Figures 4(a) and 4(b) , showing a fairly good correlation between the model and the experimental data. This means that, unlike other metal oxide NW photodetectors, the time response is mainly limited by the RC product without traces of surface persistent effects. The small misfit between the model curve and the experimental data is attributed to parasitic capacitances between the AZO electrodes and the floating substrate through the dielectric layer. The capacitance between the Si substrate and the AZO electrodes has been measured in different devices using a backside contact. Values between 20 and 55 pF are, respectively, found in depletion and accumulation biasing conditions for the 200 nm thick SiO 2 layer. Despite vertical conduction through the oxide is measured to be null, these capacitors associated to the AZO electrodes may slow down the response speed since their capacitance is comparable or even larger than C mNW .
In conclusion, AZO/CuO NW/AZO heterojunctions have been built using cost-effective Cu foil oxidation for NW synthesis, and CMOS-compatible DEP for NW alignment. Time response has been found to be in the ls-range without signs of persistent effects. The reduction of device parasitics can lead to a further improvement of the device speed. These results may contribute to the understanding of the p-type CuO NW characteristics as well as to establish standard procedures for the integration of NW-based devices in nanoelectronics.
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